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Ln t r ),,-t n

-ie )b~ective o' tais -ontract w:as the support--ng of a PoS -Doc~orate-
Assistanc, Dr. Bortrain. Bovard, from the Ecole Nationale Superieure de

Phvsio'ue, MrseLiIe, France, for a stay of one year 3t Optical Sciences

~enter to) assist in the development of a rspjid-scanning spect-romet.r-ic

sylstem ':or- in situ measure!ments on optical thin films. Dr. Bovard had

been aredhis doctoraite in Marseille for work~ on this tODit.

Mncr ) m tc r

i, n~ me i .r ng systemn was Largely constructe-d with tht2 help or two DARPAr :.o: ract s, cc mciito red by NVv'C, Ch~ina Lake, andl the other by NUSC, San

Lt-on--ists or a concave ot ra-i grating with a CCD array

letet~rL- n. spectrum plane. The grating was specifically designed

)eo a:-d wihirrav detec~tors and the spectrum plane is fi at over the
wiilh f he etecor.A spectrai range from appr.oximately 450 nm to

cIm is z:,Cdnied by -,Le system.

Deta r tnesystem are describoed in Appendix 1, the draft of -a paper

t ca sb gS':bmit ted to Applied Optics

'A t' cf'-ums ire inhomogeneous, sel~ the refractingoids

0 a1 4a :Ino e ce it V Jis dif f icul t t o me as ure accurately af ter

A ,, io1 ~lnigc the resei-e or inhomogenei -v can readily be
'e t~, *- -~u tsar-e insensitive to the specific refractive in id:

t ca ~cornuionabout the variation of refractive

un. a addiio ' ifrmt is necessary and in situ

'2,- 1- t7 7, -'ci ing plane during deposition) are
1-, 1 1 i7. -'0 7,Lis iake the assumption of film stability,

- film aLready deposited remainis
-7 i:r; i-; ilded. Resiults that: obv-iouslv

* ~nsib i'ns We f ind thInat we I

1. -. ;. ms are2 usually stable but that

~~~e: ~ ~ ~ 4 :*tc)sca cwusale 4
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-;t :e r: e- ie in a proc~t :na,~- For- ny th:-g nut we
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z, ::er ::e;:arwees- a ;:ctc set t mrater;a in

-Dar* . j a- v3,- 'jm -amber -The engtlh ot time reicuired -o -n rtr o

-nAis :)rc-eazs u deeds on, ne e44::encv ymad ~ide :ty .:4 the
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a - ; ae, i:4 m.:n it or ng -m ie-'c-s it .or:
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:ne1t case of neglFibie exic ncoe::cclenrs thie derivation of the

~r -s tinelex ca,- be ach-eved .slng an admit taore circle -metn-od based

~ ~sDr .isrees ~rn Etego of t-ne laver-. Stsi-c

~:Interests li'e more in sligitl'; absorbant materials sucn- as oxides,

hje ,.'eloped a technijue inspired by the envelope metnod described

cI anifacler e: al 'vi. e have used an inhomogeneous model o: a thin

toderive m-,e efcieindex and t. e extinction coef f,,ient

e neonod in [heinhomogeneous_case

1,1? aztc .r316 have fully described the envelope method .1-1 t-E

:)-f an ,:-mogeneous th-in film where only, transmission

:': as- required f1o r the deri-vation of -n and ~. A

- .3 ~.onoeneos mdelwas presented by Aridt e a

:~r.e:eozotcal constants from mea sur eme nt:s o f re fle c ta-,cze an7d

In-nese studies reflection and transmission are

~ .d~--ia- -antions of wavelength and- their enve'Lopes are used to

* - ~2'cp~ca cinscnt T l obtain. tn-e profl "es of :he opzi:al

a; tus t-v, we :ons4dere: the envelooes of the curve or

A:~~7I~L:,:. as i:c~o: or o z. DS :racoen .;avelengcI.e .

-- ~ ~ ~ ~ ~ ~ --- ct- iccl a n. w ani 'CLe me ana~vIA



i -t r oduc on

The refractive index and the extinction coefficient of a t. n i7 - depnd

-pPo tIe conditions of deposition and as a conse-uen: e Jpon te 0

struc:ture of the film Itself. 1n the case of oxides, inhomogene:t= _s are

'argely due to the film's columnar structurel and to the variations in
Jegree of oxidation throughout the layer. The derivation of their 0

,.c: tes as a function of th.ick-ness is difficult once the layer has been

l Frrtnermore, most tecLniques developed to measure the

71 c: ve indiex are carried out under atmospheric conditions. Exposure

St t-,e air modifies its optical properties: the voids existing

i s s trucure tend to adsorb moisture and an oxidation process may

D-'r t r a suboxiA zed layer, changing the refractive index and tne

..... 2 *3 Therefore a technique taking into account the

. 7ie tr-nsssion of a layer growing in vacuo has great

a -;,I izes. To achieve such measurements we have used a scann.Ing

-L n~nro.r syste -u wnich provides us with the transmission over the

7"-.; m versus time, during deposition, Using these values w-e

Pe rr Jeri.ng tne prot.s of tne opt:ca-

, . - .er-f:aton of the optica. constant det ".erminat:4on

-'3 IS

:~n~-ers ~'h cc te Coatlng process.



Optica! Costants derivation for an inhomogeneous

t.-dn film from in situ- transmisSion meaisurements

B. uvadF.J. Van M4i-ge-), M.J. Messerly, S.C. Saxe, B.A. Macleod

-iversitv Of Arizona

,Optical Sciences Center

Tucson, Arizona 857) 1

Th~ D2Sant of tt~ flm epend upon the structure o: t-e

* -~ 'Z. A te :hnique, baseAd on trarssmiSSion measurements carri-ed

~~, ha- b'- .'veloped to der.v te prof iies of the re. racz:ive

~7:.:i:*-t:::te n~:.rz~n. Le interpretation of :ne profiles

~r2~2:r~ ~>i.'r ~rucurC acu. me tech!nique :ar De

i'i I l.;u mi~n-tor~ng th-e lar 3t-4D32S Or the optical const-ar7t

-" ~F tli paameers Tius paper presen ts tn e

*>?J.-~i t' b~i )n an mneM) ethod, a-nd ves some
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FIGURE CA?':-.JNS

Scanning Monocnromator Flow Diagram

Spectral Profile of Tungsten Halogen Lamp

Spectral Profile of Xenon Arc Lamp

Appearance of Scanning Monochromator system

Top -iew of Scanning Monochromator

Flowcnart of omputer Data Handling Program

(. xample of Vater Adsorption in a Ti0 2 , SiJ 2 Fabry-Perot Filter

7. Variation of optical constants of TiO, as the film is being

deposited. Upper curve corresponds to n, lower curve to k.

I I
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16nsn o nin nout e 2 S,

C1 2 + C' 2 e 4 60 + 2CCze 2 62 cos 2 5,

S, r en -no)(nn) Cz.(no -no)(0 s-n4,)

7r2nd/ X 6 2-- 21rkd/ I~

In the following we shall assume that we are dealing with a high index

laver so tnat C, is negative. Then the two expressions of the envelopes

become:

16 nonsninnoute 25,

-1 6nonsninnoute- 2 z
(C; -C, e

2
62)

2

C
Tese t o equations are used to determine the outermost index for each

instant during film deposition. They are also used to calculate the

extinction coefficient a: Lne quarterwave points.

.1,iever, all these derivations are possible only if we make a very basic

* A ;u~p:.on &do ut tne stab;ily of :ne layer during deposition. Th1s

~as~ptoio is simply that the innermost index does not vary during the

zrowt'n of tn i'n. The profiles of tne opticai :onstants can tn'n be

dr': and considered as functions of thic.kness instead of time.

4' sri.n ncjt go tnrougL, tne cetaiis of the derivation and we shall only

Z ve :71 a- alvtiral expressions for the innermost and outermost

I



r9: ct'e index, the geometrical hticKnesses and tne extinc.ion

"e I l ien t p ro f L.

Ine expression of the innermost refractive index is obtained assuming nin

=1 ou t and d = 3 so that:

n 2
0 + T

2
s Tmax-Tmin

"4i n r .2)", 2 where N- 2 2nons kTmax Tmin

The expression of the outermost refractive index is then:

- nnsno Tmax-Tmin Tmax-Tmin 2)21,'

-- -- i + 4 n in s ( -max T-n/ (ni -ns 2-)

'.'sich calculable only if we know the innermost index value.

- Jvi .e sisume the innermost index is stable we can calculate the

Cpr~ffe of the refractive index of an inhomogeneous layer. Note that it

q,;ir7s ,e -now ledge o the substraL.! refractive index, which can be

- s-jr d independent 'l, but it does not require the value of wavelength.

io r~cuire the geometrical thic<ness. Since we are dealing wi:n

- srptlon materials, the extrema of transmission occur when the
6

-:4ess if :e layer is a mulctpie of a quarterwave.

:- :e rier of -he extremum m= inaicat:n tne first nimum; tne

-is

-: n~z~A
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S[d
since calculation of n(z)dz is impossible, we make an

approxlcmation and write chat n n(u)du where is the instant

when the extremum occurs.

Tnas Ls equivalent to assuming that the rate of deposition (change in

thi:kness per unit time) is constant. The assumption is reasonable

because our deposition rate is automatically controlled.

o'ith regard to the profile of extinction coefficient we note first that a

mean val'ue of the extinction coefficient can be derived each time we

r-emn a ned quarterwave:

_ - g d C[ I-(Tmax/Tmin) i 2j kd
"--- Log a(d) wth a(d) _- exp (-4 , -)

Ci i+(Tmax/Tmin) / 21 A

4 inc he th function a is available at any instant during the growth of

ie layer, we can a'-so calculate its derivative versus time and obtain

i:: 7x<rss:n gmn e profile of extinction coefficuient.

-d a
( T rWere z is tne :rcKzness of tne layer..- ~zdz

i. tie der-vative, this expression presents some sensitiv-ty to

: .- ear. s nt.Ll tsJ to obtain an indication of the absorptior. of

II 
, •,, . .. ...

" _ nn m il • I II I I
i

-m i •



i.2. Stability of deposition and conclusion

Provided we 'cnow the envelopes of a curve of transmission, using these

ana~ytiral expressions we are able to derive the optical constants. But

t,:e necessity of knowing the envelopes as functions of thickness leads

us to a very basic assumption concerning the stability of growth of the

ayer. 'h envelopes calculated using the measured transmission versus

ime are usable if they do not slhift during the deposition process, which

= :nta: an earlier part of :he layer is not modified during the

iepos':Ion of a later part.

i* s easy to foresee the importance of having an accurate way of

determining exzrema of the transmission curves. Their precise

stmat~on, both value and position, demanded that we consider some

C ner!a treatmen.ts of the raw data before calculating the envelopes

,itting tnese points. We present in the next section the data processing

te :;ues developed together with a justification of their validity and

presented above.

1

...I -. . . . . . .- - -- ,-, mnan nl l l lu l
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: Ds c d t aescribe :ne segment between the second ,and t-.uri

-. T."h>, pr o ts rezpeated until the enire curve is produced.

Do t-n a:id precision of the technique

:': iJit of the expressions for the refractive indices and the

• : :o~effic'ent has been checked by some simulations, the results

a, ire Presented here.

.m TLe to handle variable optical constants has been developed

-,"*pute the evolution of the transmission of a coated substrate

: 4r wtn -si a tlhin film. The profiles of the optical constants are

> i ' 2t :he pr)gram which divides the inhomogeneous layer into a stack

'1 1 , :,,sublavers each of thickness lnm. The transmittance is

"e r- )reJe sn disk files exactly as when the scanning monochromator

LuS e. 7ne o)ptical constant determinarion program is then used to
'pi:e the index and e imation coefficient profiles. Their comparison

- t:;e ,rignal ones rerifies the accuracy of the technique. Jur goal

is - iso s no w it is possible to separate the inhomogeneity of the

re:r-i£tnie index from the extinction coefficient. Of the many

M puti-.wns -hat have been performed we simply show two of the most

i,, ,,-ris ones.

,-r ,s -nat of i nomogenetous layer. Ta'ing strting

, : . K±t , - i )-, the optical constants -were cal,:-iated

, , '- s i rnd iC>, nm and the indices found were :o be

-,7 ,- , -'-_-. ,s :)res,, -n, tie f ic:ency o the

I



l .m,: , or the xtLnc :ion coe: ficien was not as good, "ading -o a

"' >et :he jerl';.ion in the case on an inhomogeneous layer, an

±r:ir:r :ur';e of reftractive index was chosen to compute the evolution

W
Ll -Idi) 2 - 0.3 exp (-/200) where d is the thic.ness of

" V;er. The exrincL:Dn coefficient was assumed :onstant equal to

Wsnos the caLculated feu-s tor two wavelengzhs. .he

I
( :t!. "ist the error in the determination expressed as a



I.I

I,

TABLE1

W ave Ieng thi

nm " nin Anin/fnin nout nout/lnout K Ak/k

420 ".297 0.15% 2.012 0.09% 1.03x10-' 7%

800 2.28j 1 ' 2.025 0.7 % 0-1.7x10' -

Results of simulation calculations



, result indicte that we can expect acceptable accuracy in the

::i:tive index proffil e using this technique. It is important to note

:-- mg:ier icuuradcy zorresponds to the snorter wavelength. This is

te greater number of extrema at the shorter wavelength, which

r n-)r >,re information so the envelopes calculated have a more exact

:::>i n. This inaccuiracv of the envelopes leads to questionable values

.:< :r ,: fient for the longer wavelength. These results are

i ' true ,)nly for the cases considered but they strongly suggest

ge an enerall expect from this method. The relative accuracy

; ne refr;active index depends also upon the quality of the

-r :wmi:: ince melsurr-nents: it ranges from -T/T to 5AT/r where tT/T is

tu re. ,.tvie c-,-urac achieved in the transmittance measurements.

- - pt::t ":nrst~nt determination has been carried out for titanium

: ie " 01ers on1. ;e will present the results obtained with two

L 5t iier;, t-ie first layer fitting the model used in this

nit; anJ zi. sec:ond being unstable.

* :,' Y~" ,.:. i sed .n our experlnents was Ti,0, evaporated Dy

.~-:'r na~n, nr ,-'t irt. a -i3ss s*jstrate.

,r -_hi ft~r a'er we consider, tne oxygen partWa. ressure was

,..,; . n- h bar n,: tne ,r~ er t,:, pr ture varied trom 2u4 = to 2272



.-le pro:Ue of re.ractive index and of extinction coefficient are plotted

3 fr the wavelengt P 678 -im. The thickness of the laver is 73

cn, :e inner Index is 2.135 and the outermost index 1.794. 7he layer is

nnomogeneous, as expected for an oxide layer, and slightly absorbanc.

-he :Drre'at;on bet ween .ndex and extinction coeffic-ient can be

!,erpreted as an in:rease of the degree of oxidation with the thickness

)f ,e .ayer and is a decrease of the packing density due to a conical

-JrT Df the colinnar structure. It is difficult to choose which has the

F. i;es :ne Jispersion of the innermost and outermost refractive

idces. A hign dispersion for the outermost index suggests a more

ns~rn: >It~r part of the layer.

..le a'- r ppears to be stable and therefore our results indicate that

-1 n :cnonogeneous layer showing a decrease in its packing density

:,c,--ase Ln its oxidation degree in the direction of growth.

Sexamine in -instable layer. This layer was deposited in a chamber

- i 3n the presence of oxygen at a oar::a!

I .I sp jre ia. r nL ien. ona lv deficient in oxygen compare w itn tIe

r 'd~ti n- it e iepositlon of titAnim dioxide and we expected

* , ' , • ::p n t: "-e iy r. 'e jr-e : t oi ,appoit-' as sn 'n ?g. 5



; -, - , t '' i' L i' fl - " ,.'e ii2..' 29 SP [ .. L " : - I

..ot~f o- m .Avr i • ~ve

1, i:ner part )z ie ;i :-i Yr-idually oxidized as ae layer

>-is !Zf-ita t>ne :e' '.:ilie pr's nteI here since the extremn used t

. Ia' it*~ .,:; b~~ 3 ri -- ,,a -:ng with the .idation or tIe .iver an

i < J,'D "{:, -o'P ' ,6; 'm-eA tre inermst refractiv'e t nde: t) be

" iet. i n r:mr', " - re to obtai but we C3L e: b e

.1 Oil r S 1 3 '1 0..s r. ,o4 n, s p fi e

.t -' <,rIn :aLS n .- e 0." 1 r !.wI ),It o) '~IfluCVS n d C h l i~.ta T ho of4

i -j :. od. Thhen s : 1 '7 o t hD e ayer -i n manifest itseff by the

. r :.1 )f : eIt ve 0 :t :2, tWon c e: -z ent , iv tic nessez; varying 0

-, *- ' iongtn or by very misshapen prof ies of inex. Nevertheless,

" irjon Dr i z: t -hnique to stable layers gives very Lnteresting

-, .Zese 'r ive inrmation on the structure of the layer in 0

- i -c&ng tenss1:: as well as in terms of degree of o'idation. It

Ip,)rtnt tKnow tnat layers can be unstable and to be able to

-7- n n ins o7itv. Further work is required in this area. 0

-, it -,veo cal lv' t ma' be possible to distinguish an instability

:-r <aV F,-r,in ement from a reo cation o soe

.. ra t ;,,r'~ ns 9: -e fi m.

'I a p'~t1)n JZ:oe ~.n

o0



:v 5net - Lio as aeen deve _opeJ f:)r layers presenting a nign index, a

-i:na" nomogeneity, and a small extinction coefficient. it permits the

jtrnirz'n of the profiles of the optical constants and the dispersion

>r iniex in vacuo provided the issumption of stability is fulfilled. It

as Lyers thai ire unstaol e. It makes possible the study of tne

:hrL3>Jrns ,r the optical constants 'Tih changes in the deposition
O

,.y r iupoort :r this worK was provided by the Defense Advanced

,. 's~ir& ?roje,:.s Agency 'DARPA) through a contract with the Naval

o m eni-r, C-ina La.<e. Additional support was also given by DARPA

1'.)u~gi a :ontract ith the Naval Ocean Systems Center, San Diego.

i:-. iA 4 is iupported by the Air Force Office of Scientific Research and

v, by i z. IlshIp from the U.S. Army Research Office.
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Plotof oi~ s±c~o .Te extrema are :<: ~ etermine

A. t~er 4_1 ferin:, :h-e extrena have been extracte:4 :rn the noise
nu c os : 0 ng -Or aE t en uatng the trans-miss~n:o;e

r D f~e fI rac 4%,e :i !ex afnl ex t inct o r, 2e-:2I-.nt r a
s -__- etLoIJ l>:O aver. re ~v Ce

-. - ,ers..n of inner-mosc and outermost reat3 2C~ o
~taa~ ~a~e Of ttanam dixd e

_ e: re2s u t gien :Dv the method when anol 4pG to an unst.able
U a'e.Ttan ium Olx e !aver deposie in an 3oxv2cn ze:icient
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